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Editorial Commentary

Whole genome sequencing in Mycobacterium tuberculosis
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Fighting the emergence of multidrug-resistant (MDR) and 
extensively drug-resistant (XDR) tuberculosis (TB) requires 
a proper and personalized use of new antitubercular drugs. 
To achieve this goal, the sensitivity profile to antitubercular 
drug should be available in a short-time and results should 
be highly reliable be used for patient-care. However, among 
the main challenges affecting the performance of phenotypic 
drug susceptibility tests (DST) for Mycobacterium tuberculosis 
complex (MTBC), in addition to the long turnaround time, is 
the uncertainty on some of the critical concentrations (CCs) 
used for phenotypic DST. For lack of available and reliable 
data, those were established based on expert consensus 
and not on epidemiological cut-off values [abbreviated 
epidemiological cut-off (ECOFFs) or epidemiological cut-
off values (ECV)], defined as it is the highest minimum 
inhibitory concentration (MIC) of organisms lacking 
phenotypically expressed resistance, e.g., the concentration 
of a drug that separate bacterial populations into those 
representative of a wild type population, and those with 
acquired or mutational resistance to the drug. The scarcity 
of data makes on MIC distributions of wild-type and 
mutants strains difficult to interpret in some cases and 
some of the established CCs cut the distribution of wild 
type and mutants (1). Whole genome sequencing (WGS), a 
relatively novel approach for MTBC strains analysis, has the 
great potential to provide fast and highly standardized DST 
results for prompt clinical guidance. Available published 
data and the extensively work carried out by the CRyPTIC 
project indicate that WGS performance for the detection 

of resistance is high for the two most important first-line 
drugs, e.g., rifampicin and isoniazid respectively, whereas 
the correlation between genomic WGS and the phenotypic 
DST data becomes smaller for other first-line drugs, e.g., 
ethambutol and pyrazinamide (2). In this context, the Authors 
of the manuscript by Gygli et al. compared WGS-based 
drug resistance profiles with culture-based quantitative DST 
methods (namely the 7H10 agar proportion and the MGIT 
960) for eleven drugs among a random sample of patients, 
which should be representative of the geographically-
defined population in the high and low burden TB  
countries (3). Although the sample size presented in this 
manuscript is very limited (189 isolated strains) and the 
geographical representativeness is low for certain lineages 
(ancient lineages L1, L5 and L6 account all together for 8 
isolates in the study), the Authors were able to underline 
the opportunity offered by WGS analysis in providing 
reliable information for the majority of the drugs in use 
for treatment. At the same time, the study highlights the 
challenges in providing genotype-phenotype correlations for 
clinical management of TB. 

The authors show that the MIC distributions of wild-
type and mutant strains are well separated for most of 
the first and second-line drugs, allowing the possibility to 
clearly define the related ECOFFs (rifampicin, rifabutin, 
isoniazid, kanamycin, amikacin, capreomycin, streptomycin, 
pyrazinamide). For isoniazid, rifampicin/rifabutin, amikacin 
and streptomycin, the Authors suggest the introduction 
of “clinical breakpoints” helpful to define when MIC 
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increases linked to specific mutations is still within the 
therapeutic range of the drug. It needs to be considered 
that in some cases resistance emerge as low level and then 
progresses to more effective (high-level) resistance (4). 
Despite these limitations and uncertainties remain to be 
addressed as insufficient evidence of the safety and overall 
therapeutic outcomes exist, there is an increasing interest 
in the possibility to overcome low-level resistance by the 
use of higher drug dosage (5,6). Current TB treatment 
guidelines refer only to the possibility to use isoniazid or 
moxifloxacin at higher doses under specific conditions (7), 
however the data from Gygli et al. can contribute in better 
understanding the correlation between genotype, phenotype 
and pharmacokinetic/dynamic data. For ethambutol, 
moxifloxacin, ethionamide the Authors showed overlapping 
MIC distribution of the wild-type and mutant populations. 
On the one hand, the overlap in the MIC distribution 
in moxifloxacin-resistant isolates is only partial and with 
80% of sensitivity, on the other, in case of ethambutol 
and ethionamide the overlapping is explained by a large 
number of polymorphisms in resistance-conferring genes. 
Noteworthy, in case of ethambutol the distribution curves 
of wild-type and mutants in embB resistance gene, could be 
better separated by adjusting the critical concentration at a 
lower value, from 5 to 2.5 mg/L. Importantly, the Authors 
reported that some mutations cause high variability in the 
increase of the MIC conferred by an identical mutation. 
This can have clinically relevant implications when there is 
a significant overlap between the MICs of the mutant and 
wild-type strains, making the classification of these isolates 
difficult to achieve by current WGS approaches.

Overall, the mutations identified by WGS have high 
accuracy in classifying as susceptible/resistant clinical 
isolates. However, for quantifying the level of resistance, 
which is not always possible by genotypic DST alone, 
MIC testing can be useful (1). MIC testing can resolve 
discrepancies between genotypic and phenotypic DST 
results for resistance mechanisms with MIC distributions 
that are divided by a clinical breakpoint that causes poor 
reproducibility for phenotypic DST even if the clinical 
breakpoint is greater or equal to the epidemiological cut-
off value (8). There are other reasons which may explain 
the discrepancy between WGS data and phenotypic DST. 
A first reason could be related to the detection of low-
level antimicrobial drug resistances that are difficult to 
characterize by DST methods due to the intrinsic low 
sensitivity, whereas WGS could in principle detect these 
low-level mutations and be more accurate in predicting drug 

susceptibility with respect DST approaches (9). Second, the 
current WGS-based drug resistance predictions rely only 
the analysis of the few genes known to be involved in drug 
resistance. In general, mutations resulting in antimicrobial 
resistance alter the antibiotic action via different 
mechanisms, such as modifications of the antimicrobial 
target, a decrease in the drug uptake, activation of efflux 
mechanisms to extrude the drug, and finally via global 
changes in important metabolic pathways via modulation 
of regulatory networks. An extensive knowledge of the 
mechanisms should include extended pathways rather than 
focusing on a small number of genes directly involved in 
drug interactions (e.g., drug activation, drug modification, 
or drug target). 

MTBC can adopt several mechanisms of resistance 
to survive the effect of the antibiotic through multiple 
biochemical pathways in which different genes are involved. 
Thus, resistance mechanisms arising due to acquired 
mutational changes may be the result of several concomitant 
causes. 

Highly conserved and essential genes, e.g., rpoB, rpsL and 
rrs, have a very good correlation with the phenotypic DST, 
showing that WGS is undoubtedly a powerful approach 
able to discriminate susceptible against resistant strains. 
Other not essential genes, e.g., pncA and ethA, involved 
in the conversion of prodrugs into their active forms, 
e.g., pyrazinamide and ethionamide, present several not 
lethal mutations for the MTBC, leading to a substantial 
overlap along the MIC distribution. Finally, genes that 
show also high degree of polymorphism, e.g., embB, are 
difficult to interpret as function of the MIC distribution. An 
explanation of this results, is that essential genes are also the 
end target for the antibiotic, whereas the not essential genes 
are often not directly involved in the drug interaction. 

Noteworthy, mutations causing changes in expression 
profiling are poorly represented among the current genetic 
markers of resistance. At this end, the role of mutations 
causing changes in gene expression because the disruption 
of regulatory pathways remains completely unexplored. 
Interestingly, also synonymous mutations have found to 
affect this complex regulatory network (10). Similarly, the 
role of mutations in intergenic regions mapping in putative 
non-coding regulatory small RNAs remains unknown 
and underexplored (11). Third, standard pipelines for 
the differentiation of mutations, including phylogenetic 
and synonymous mutations, in correlation with drug 
resistance are still missing or lack a full agreement 
among all stakeholders. Fourth, the discordance between 
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phenotypic and WGS-based DST could be related to the 
presence of mixed MTBC infections (TB disease caused 
by more than one distinct MTBC strain) or heterogeneous 
resistance (mixture of wild type and mutated population 
at same location) (12). These aspects were not taken into 
consideration by the Authors. Although WGS based DST 
analysis using heterozygous base calling could provide 
better resolution of mixed/heterozygous infections, clear 
thresholds still need to be established (13,14). 

In addition, most of the currently available pipelines 
cannot yet reliably identify heterogeneous Indels (mixture of 
wild type and Indels at same location) in presence of minor 
sub-populations (15). This may be a challenge to accurately 
predict phenotype from sequence information. Moreover, 
the clinical relevance of such minor populations will need 
to be evaluated for each drug taking into account the global 
resistance pattern, and the treatment regimen employed.

In summary, the results shown in this manuscript 
highlights the strength and weakness of the WGS applied 
in the clinical routine for MTBC diagnosis. Efforts from 
multiple research groups, together with global stakeholders, 
are needed to further improve and integrate MTBC 
genomics into healthcare and surveillance programs. 
Nowadays, large efforts in TB drug discovery are in place 
to reduce the duration of the treatment for both drug-
susceptible and drug-resistant TB, and to improve cure 
rates. Many novel anti-TB drug candidate with novel 
mechanism of actions are in pre-clinical development. 
Bedaquiline and Delamanid have received provisional 
approval by Food and Drug Administration (FDA) and 
European Medicine Agency (EMA) since 2012 and 
represent the front-line treatment for MDR and XDR-
TB regimen (8). Efforts to evaluate their relationship 
between DST and WGS analysis is ongoing in order 
to find resistance conferring genes (16). In order to be 
able to properly interpret rare mechanisms of resistance, 
it is essential that large international Consortia such as 
CRyPTIC and RESEQ-TB will succeed in collecting and 
analyze a huge number of genomic, phenotypic and clinical 
data from strains collected at the global level. 
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